Because of its elevated cellulolytic activity, the filamentous fungus Trichoderma harzianum has a considerable potential in biomass hydrolysis applications. Trichoderma harzianum cellobiohydrolase I (ThCBHI), an exoglucanase, is an important enzyme in the process of cellulose degradation. Here, we report an easy single-step ion-exchange chromatographic method for purification of ThCBHI and its initial biophysical and biochemical characterization. The ThCBHI produced by induction with microcrystalline cellulose under submerged fermentation was purified on DEAE-Sephadex A-50 media and its identity was confirmed by mass spectrometry. The ThCBHI biochemical characterization showed that the protein has a molecular mass of 66 kDa and pI of 5.23. As confirmed by smallangle X-ray scattering (SAXS), both full-length ThCBHI and its catalytic core domain (CCD) obtained by digestion with papain are monomeric in solution. Secondary structure analysis of ThCBHI by circular dichroism revealed α-helices and β-strands contents in the 28% and 38% range, respectively. The intrinsic fluorescence emission maximum of 337 nm was accounted for as different degrees of exposure of ThCBHI tryptophan residues to water. Moreover, ThCBHI displayed maximum activity at pH 5.0 and temperature of 50 o C with specific activities against Avicel and p-nitrophenyl-β-D-cellobioside of 1.25 U/mg and 1.53 U/mg, respectively.
enzyme to move along the cellulose surface by twodimensional lateral diffusion [44, 45, 48] .
The CAZy [11] classification of the cellulases into glycoside hydrolase (GH) families is based on the three-dimensional structure of the enzyme [24, 26] . The cellobiohydrolase I from T. reesei (TrCBHI) is an exoglucanase that belongs to the GH-7 family and hydrolyzes the β-1,4-linkages of a cellulose chain from its reducing end [13, 49] . TrCBHI is the major component of the T. reesei cellulase system. The catalytic core domain (CCD) structures of TrCBHI revealed a central structural motif constituted mainly by an antiparallel β-sandwich motif that bears four surface loops, which decorate the concave face of the sandwich forming the cellulase-binding tunnel [18, 44] . In the process of enzymatic catalysis, the cellulose polysaccharide chain slides through the substrate-binding tunnel, and every second glycosidic bond is correctly presented to the catalytic apparatus located at the far end of the tunnel. This explains why the enzymes progressively liberate disaccharide units (cellobiose) from the cellulose chain [17] .
Although the structure-function studies of cellulases are a rapidly developing area, more biochemical information about a wider range of enzymes is needed in order to comprehend in depth the fine details of the molecular mechanism of enzymes action. So far, little is known about the cellulolytic machinery of the filamentous fungus Trichoderma harzianum. In this study, we purified and conducted initial biochemical and biophysical characterizations of both native ThCBHI and its core catalytic domain from the promising cellulolytically competent Trichoderma harzianum IOC-3844 strain.
MATERIALS AND METHODS
Reagents CM-cellulose, Avicel, and papain were from Sigma-Aldrich. Other reagents were of analytic grade.
Strain and Spore Counting
Trichoderma harzianum IOC-3844 was obtained from the culture collection of Fundação Oswaldo Cruz (Fiocruz), Rio de Janeiro, RJ, Brazil. Its spores, kept at -80 o C in 20% (v/v) glycerol, were used to inoculate potato dextrose agar (PDA) Petri plates (Difco Laboratories, USA). Seven days after inoculation at 30 o C (or after strong sporulation occurred), the spores were harvested by washing the Petri plate with 10 ml of sterile saline and the spore concentration was determined in a Neubauer chamber after appropriate dilution.
Pre-Culture and Production Media
Pre-cultures were carried out in medium adapted from Mandels and Weber [34] , which contained 0.3 g/l urea; 2.0 g/l KH O; and 10 g/l glucose (carbon source). The composition of media for production of cellulases was the same as that of the corresponding pre-culture media, except for glucose, which was replaced by 10 g/l Avicel.
Enzyme Production in Flasks and in Stirred Fermenter
Erlenmeyer flasks of 500 ml total volume, each containing 100 ml of pre-culture media, were inoculated in a final concentration of 10 6 spores/ml and cultivated for 48 h at 25 o C in a rotary shaker at 250 rpm. A 7.5 l vessel BioFlo 115 Fermenter (New Brunswick Scientific Co., USA) equipped with automatic control of temperature, pH, agitation, aeration, and foam, was inoculated with 10% (v/v) of pre-culture. The working volume for enzyme production was 4 l; the temperature was kept at 25 o C, and agitation at 200 rpm during the day and 150 rpm at night. The aeration rate was adjusted so that the dissolved O 2 level never dropped below 60% of air saturation in culture media. The pH was set at 5 ± 0.2 and was controlled automatically by the addition of 20% HCl or 20% NaOH. The foam formation was suppressed by manual addition of antifoam (Sigma). After 144 h, the cultivation was terminated and the mycelium and remaining Avicel were removed by centrifugation. The supernatant was concentrated to 100 ml by a hollow fiber ultrafiltration, using UFP-5-E-35 cartridge [46] , and dialyzed against 50 mM Tris-HCl buffer, pH 7.0. The cellulase preparation was then stored at 4 o C until purification.
Purification, Proteolytic Digestion, and Partial Protein Sequencing DEAE-Sephadex (A-50, Sigma) was allowed to swell in a large excess of 50 mM Tris-HCl buffer, pH 7.0 (buffer A), and the supernatant was replaced by fresh buffer solution three times over a period of 24 h. The crude extract of T. harzianum was centrifuged, filtered, and partially concentrated in the tangential filtration system Hollow Fiber (Amersham Bioscience), and the pH was adjusted to 7.0. This preparation was loaded onto the DEAE-Sephadex A-50 glass column (5.0 × 40 cm) pre-equilibrated with 50 mM Tris-HCl buffer, pH 7.0 (buffer A). Elution was carried out at 3 ml/min with a linear NaCl gradient from 0 to 1 M in buffer A. All fractions were analyzed for protein content and their exoglucanase activity. The proteolytic digestion of ThCBHI was accomplished by addition of papain (40 mM phosphate buffer, pH 6.0; 5 mM L-cysteine; 2 mM EDTA) to cellobiohydrolase I (50 mM Tris-HCl buffer; 300 mM NaCl) in a ratio of 1:50. The incubation was continued for 2 h at 25 o C and the results of hydrolysis were visualized by SDS-PAGE. The isolation of CCD from CBM was achieved by loading the digested material onto a Superdex 75 column 10/30 [46] and eluting it with 50 mM Tris-HCl buffer, pH 7.0, and 300 mM NaCl.
The presumed ThCBHI band was excised from polyacrylamide gels and cleaved with trypsin (Sigma) by in-gel digestion [47] . The derived peptides were analyzed on a Tandem Electrospray MS (QTof) equipped with nanospray interphase (Micromass), at the National Synchrotron Light Laboratory (LNLS, Campinas, Brazil). Protein sequence alignments were performed in Mass Spectrometry driven Best Local Alignment Search Tool (MS BLAST) using the SWISS-PROT. adjusted to the different pH values respectively. The coded and actual values of the independent variables are given in Table 1 .
Determination of
A total of 11 experiments were performed, being 2 2 experiments for a full factorial design plus 2×2 star experiments and three replications carried out at the center points to evaluate the experimental error. The response obtained (ThCBHI pNPC activity) was fitted to a second-order polynomial model, Eq. (1). After that, the experimental data were analyzed using the STATISTICA 7.0 software (StatSoft, Inc.) to obtain the statistical significance of the regression coefficients for the dependent variables, variance of fit of the model (ANOVA), and the three-dimensional response surface plot (RSM).
where Y is the pNPC activity; β 
Avicelase Assay
The exoglucanase activity against insoluble substrate was determined using as substrate 1% Avicel dissolved in 50 mM citrate buffer, pH 5.0. Samples and controls were incubated at 50 o C for 120 min and agitated every 20 min. The amount of reducing sugars was determined using DNS reagent as described by Wood and Bhat [54] .
Enzymatic Activity Against Soluble Substrate
Activity against p-NP-β-D-cellobioside (Sigma, USA) was determined at pH 5.0. An aliquot (0.1 ml) of 25 mM of substrate stock solution prepared in 0.05 M citrate buffer, pH 5.0, was mixed with 0.1 ml of enzyme diluted in the same buffer. The reaction mixture was heated at 50 o C for 30 min, after which 1.5 ml of 1 M sodium carbonate solution was added to it [16] . The absorbance at 410 nm was measured on a spectrophotometer against a substrate blank that was prepared and incubated in the same way as the sample with enzyme, except the citrate buffer (0.1 ml) was added to the blank solution instead of enzyme [9, 10, 44] . A p-nitrophenol standard curve was constructed to determine the concentration (µM) of the substrate released at 410 nm. All activities were expressed in enzyme units (U); that is, one unit of activity corresponded to the quantity of enzyme hydrolyzing 1 µmol of substrate or releasing 1 µmol of reducing sugars (in glucose equivalents) per minute under the assay conditions [6, 7] .
Protein Concentration Measurements, SDS-PAGE, and PhastGel Gradient Native Polyacrylamide Gel Electrophoresis Protein concentrations of total and purified enzymes were measured using the Bio-Rad protein assay according to the manufacturer's instructions (Bio-Rad Laboratories). The assay was based on the method of Bradford [9] and used bovine serum albumin (Sigma) as the reference standard.
Protein samples were separated and analyzed by SDS-PAGE performed as described by Laemmli [32] and the oligomeric state of purified CBHI was inspected using 8-25% gradient native PhastGel [46] . The SDS-PAGE gels were stained with Coomassie brilliant blue R-250 (Bio-Rad Laboratories) and distained with 10% acetic acid, whereas PhastGel electrophoresis media were stained with 0.1% PhastGel Blue R-350 solution [46] and distained with 30% methanol and 10% acid acetic solution in distilled water (3:1:6).
Isoeletric Focusing (IEF)
Isoelectric focusing was performed on a PhastSystem [46] using PhastGel IEF media covering the pH intervals of 3-9. The PhastGel IEF media contains Pharmalyte carrier ampholytes, which generate a stable, linear pH gradient across the entire pH range. Separations took about 30 min, after which the gel was stained with 0.02% PhastGel Blue R-350 [46] solution containing 30% methanol and 10% acetic acid in distilled water and 0.1% (w/v) CuSO
4
; fixed with 20% trichloroacetic acid; and distained in a solution containing 30% methanol and 10% acetic acid in distilled water until the background was clear.
Small-Angle X-Ray Scattering (SAXS)
Small-angle X-ray scattering data were acquired with ThCBHI at 45 mM concentration at the D02A-SAXS2 beamline of the Synchrotron Light National Laboratory (Campinas, Brazil). Measurements were performed using a monochromatic X-ray beam with a wavelength of λ=1. 488 and the X-ray patterns were recorded using a twodimensional CCD detector (MarResearch, USA). The sample-detector distance was set at 1.200 mm, resulting in a scattering vector range of 0.013-0.027
, where q is the magnitude of the q-vector defined by q = 4π/λ sinθ (2θ is the scattering angle). The samples, in 50 mM Tris-HCl buffer, pH 7.0, were centrifuged for 30 min at 23,500 ×g, at 4 o C to remove any aggregates and then placed on ice. For SAXS measurements, samples were placed in a 1 mm pathlength cell with mica windows at 10 o C. Two successive frames of 300 s each were recorded for each sample to monitor radiation damage and beam stability. Buffer scattering was recorded prior to sample data collection. The SAXS patterns were individually corrected for the detector response and scaled by the incident beam intensity and the samples absorption. After buffer scattering subtraction, protein SAXS patterns were integrated using Fit2D software [23] and scaled by protein concentration.
The molecular weights of ThCBHI and its CCD were calculated using a novel procedure [20] , implemented as a Web tool SAXS MoW (http://www.ifsc.usp.br/~saxs/). This procedure to calculate the molecular weight and consequently the protein oligomerization state in solution does not require the measurement of SAXS intensity on an absolute scale and does not involve a comparison with the other SAXS curves determined from known standard proteins. 
Circular Dichroism and Fluorescence Spectroscopy
Purified ThCBHI was resuspended in 20 mM phosphate buffer, pH 5.0. Far-UV CD spectra were measured using a quartz 0.1-cm-pathlength cell at 25 o C and protein concentration of 1.5 µM, in a Jasco J-720 spectropolarimeter (Jasco Co.). The protein far-UV spectra were recorded over a wavelength range of 190-260 nm by signal averaging of 8 spectra. The instrument was set at scanning speed of 100 nm/min and step resolution of 1 nm. The protein signal was obtained by subtracting buffer spectrum from the sample spectrum.
The intrinsic fluorescence measurements of ThCBHI were performed in a quartz 10 × 2 mm cell at 25 o C, using a K2 Multifrequency Phase Fluorometer (ISS Inc.) equipped with a temperature control water bath RTE-111 (Thermo-Neslab). Emission spectra in the range of 300-450 nm were recorded using an excitation wavelength of 295 nm. The fluorescence emission spectra of ThCBHI at a concentration of 1.5 µM were monitored at a scanning interval of 1 nm and integration time of 1 s. After each measurement, the spectrum was corrected for buffer (20 mM phosphate buffer, pH 5.0) contribution.
Homology Model
The ThCBHI homology model was built based on the primary structure of the enzyme by I-Tasser [55] . The secondary structure content of the model was analyzed by Porter [39] . Accessible solvent area for each tryptophan residue was computed using the Areaimol program (CCP4-Packages\ccp4-6.1.3\html\areaimol.html) [4] .
RESULTS

Purification and Identification of ThCBHI
Following T. harzianum IOC-3844 cultivation in a stirred fermenter for 144 h, the protein concentration and cellulase activities toward Avicel were measured in the crude extract. One-step chromatography using a DEAE-Sephadex A-50 column was efficient for eluting an exoglucanase in the presence of buffer A and 0.10 M NaCl and releasing a fraction with the highest activity against Avicel (Table 2) . SDS-PAGE gel analysis showed that the purified fraction contained one major protein band of molecular mass of approximately 66 kDa (Fig. 1) .
The purified enzyme ThCBHI was subjected to further mass spectrometry analysis to determine the peptide mass fingerprint. Mass spectrometry analysis of the 66 kDa protein digested with trypsin generated MS/MS data, which were transferred to Mascot for MS/MS ion search (available from: http://www.matrixscience.com/). The results of the search showed that the peptide profiles were consistent with the deduced amino acid sequence of ThCBHI, thus confirming the identity of the purified protein (Fig. 2) .
Determination of Optimal pH and Temperature for ThCBHI Activity
The results obtained based upon the experimental CCRD (Table 3) were analyzed by a multiple regression procedure. The statistical analysis of the regression model, at the confidence level of 95%, showed that the model was reliable in predicting the pNPC activity with Probe>F less than 0.05. The coefficient of determination (R 2 = 0.994) indicates that the sample variation of 99.4% for pNPC activity is attributed to the independent variables (T and pH) and only 0.6% of the total variations are not explained by the model. The corresponding analysis of variance (ANOVA) is summarized in Table 4 .
The response surface methodology (RSM) showed that the optimal CBHI activity against pNPC (95.20 U/ml) was reached at 50 (Fig. 3A and Fig. 3B ). On the other hand, it became clear that at pH 5.0, significant changes of temperature to 78.2 o C or 21.8 o C led to strong decrease in the enzyme activity to less than 9% of its optimal value. Similar behavior of the enzyme was observed at 50 o C promoted by pH changes to 2.18 or 7.82 (Table 3) . At the same time, ThCBHI specific activity against Avicel and pNPC under optimal conditions (50 o C and pH 5.0) was measured as 1.25 U/mg and 1.53 U/mg, respectively.
Isoelectric Focusing of ThCBHI
To further characterize the enzyme, we measured its isoelectric point as described in the Materials and Methods section. The observed ThCBHI pI was calculated using a nonlinear regression equation (pI = -0.1508x + 9.4565) obtained after separation of the sample on the PhastGel IEF (Fig. 4A) . The experimentally determined ThCBHI isoelectric point is approximately 5.23 (Fig. 4B) .
Separation of ThCBHI Domains by Limited Proteolysis
The proteolitically cleaved ThCBHI (CCD) has considerably higher mobility than the purified full-length native ThCBHI in the 8-25% gradient native PhastGel, thus revealing that the purified protein was successfully digested (Fig. 5,  Lines 1 and 2, respectively) . The molecular masses of the full-length ThCBHI and its CCD in solution were determined, respectively, as 46.7 kDa and 43 kDa using SAXS MoW [14] , which is close to the theoretical values of 53 kDa and 47.3 kDa predicted based on the known amino acid sequence of the enzyme.
We also determined the enzymatic activity of CCD against insoluble (Avicel) and soluble (pNPC) substrates, and the results of our experiments show clear differences in activities of the full-length ThCBHI and its CCD against Avicel. ThCBHI specific activity at 50 o C and pH 5.0 against the latter substrate were, correspondingly, 1.42 U/mg (the fulllength enzyme) and 0.77 U/mg (ThCBHI CCD), and to pNPC the specific activities were 1.53 U/mg and 1.48 U/mg for the full-length enzyme and ThCBHI CCD, respectively.
Circular Dichroism and Fluorescence Spectroscopy
We applied circular dichroism spectroscopy to study the ThCBHI secondary structure. The far UV CD spectrum of ThCBHI at 25 o C did not display a negative band around 222 nm, indicating a relatively low content of α-helical elements in its secondary structure (Fig. 6) . Analysis of the CD spectrum by the CONTINLL program software package [43] revealed that the amounts of α-helices and β-strands are 28% and 38%, respectively. These results are also in reasonable agreement with the homology model of ThCBHI, which has 16% α-helixes and 31% β-strands as analyzed by Porter, a protein secondary structure prediction server [39] (Fig. 6B) .
The tertiary structure of ThCBHI was further studied by tryptophan intrinsic fluorescence. The ThCBHI emission spectrum showed a maximum fluorescence at 337 nm (pH 5.0) upon excitation at 295 nm (Fig. 7A) . In an attempt to better comprehend the experimental data, we computed the area accessible to solvent of each tryptophan residue present in the molecule. ThCBHI (Fig 7B) has nine tryptophan residues located at the CCD (W33, W54, W56, W72, W205, W229, W276, W380, W389) and one tryptophan residue (W482) positioned within the CBM of ThCBHI (Fig. 7B) 
DISCUSSION
The production of second-generation ethanol from lignocellulosic biomass imposes significant challenges on cellulase preparations. Although the purification and characterization of a number of exoglucanases have been reported [21, 22, 29, 30, 42, 50] , there is still a considerable need for novel suitable enzymes. In line with this challenge, we aimed here to purify a new fungal GH-7 family cellulase from cellulolytically competent Trichoderma harzianum IOC-3844 strain and to characterize its biochemical and biophysical properties.
Purification of the ThCBHI enzyme to apparent homogeneity was accomplished by a simple one-step procedure. The yield of purification (32.7%) was in the range of the yields obtained by others (23% to 44%) in purifications of similar enzymes, including TrCBHI [1, 5, 58] .
ThCBHI runs as a 66 kDa band, as revealed by SDS-PAGE analysis (Fig. 1) , which is somewhat higher than its theoretically predicted molecular mass (53 kDa). This is not unusual for Trichoderma cellobiohydrolases. For comparison, the theoretical molecular mass of TrCBHI computed from its amino acid sequence is 52 kDa, whereas the value observed in the SDS-PAGE analysis is close to 66 kDa [8] . The difference between these two values presumably is due to the glycosylation of the enzyme [46] .
The ThCBHI is monomeric in solution, since its molecular weight obtained from SAXS data is close to theoretically predicted MW for monomers of the enzyme.
Strong enzymatic activity against Avicel and pNPC (Table 2 ) and mass spectrometry analysis of the fragments of its amino acid sequence (Fig. 2) confirmed that the purified enzyme is indeed T. harzianum CBHI. Furthermore, the optimal temperature and pH for the purified enzyme activity was found to be 50 o C and 5.0, respectively (Table 3) , conditions close to those previously observed for other cellobiohydrolases [22, 33, 42, 58] . This information might be useful for possible biotechnological applications of the enzyme, since optimization of variables such as temperature and pH is crucial for process efficiency and costs reduction [2] .
The experimental isoelectric point of the intact ThCBHI (pI=5.23) is slightly higher than the value predicted theoretically for ThCBHI (gi|50400675) by the ProtParam tool (pI = 4.8) [11] . The difference might be attributed to surface charge distribution influenced by the glycosylation of the protein [30] . The pI <5.5 is common for the Trichoderma reesei cellulases, imprinting the acid character to these glycoproteins [4, 13] .
We also performed papain proteolytic cleavage to separate the cellulose-binding module from the catalytic core domain of the enzyme and measured the specific activity of CCD against Avicel and pNPC substrates. Enzymatic activity of ThCBHI CCD against Avicel is lower than that of the full-length enzyme, whereas its activity against pNPC is almost fully preserved. Several researchers have shown that removal of the CBM of cellulases reduces the hydrolytic activity of the catalyst module on insoluble crystalline substrate such as Avicel, filter paper, and cotton, whereas its activity on soluble or amorphous cellulose is practically not affected [3, 28, 35, 41, 52] . This illustrates the importance of CBM for hydrolysis of insoluble crystalline substrates and its functional neutrality for the enzyme cleavage of soluble substrates. The experimental molecular weight of this domain in solution, computed using SAXS MoW [20] , is close to the theoretical molecular weight of CCD, thus indicating that, similarly to the full-length enzyme, it forms monomers in solution.
Our biophysical investigations show that the general shape of the CD spectrum for ThCBHI (Fig. 6) is characteristic of β-rich proteins, which is compatible to the secondary structure already described for others cellobiohydrolases [31, 37] . The secondary structure composition of ThCBHI, based on CD data, is broadly similar to that of CBHI from T. reesei [51] as well as to the secondary structure content of our homology model of the enzyme (Fig. 7B ). This indicates that the overall fold of the protein is presumably grossly similar to that of T. reesei CBHI.
The emission spectrum of the tryptophan side chain is very sensitive to its environment and can provide useful information about the protein native state. It is known that the emission maximum of tryptophan residues exposed to water has a red-shift to approximately 350 nm, whereas the tryptophan residues concealed in hydrophobic core regions of proteins have the emission maximum shifted to a blue region of the spectrum with the wavelength as low as 308 nm [19] . Intrinsic fluorescence of ThCBHI revealed an intermediate emission maximum of 337 nm for tryptophan residues, which is presumably caused by the fact that, according to our ThCBHI homology model, roughly half of the tryptophans present in the structure are exposed to solvent, whereas the other half is hidden in the hydrophobic protein matrix.
In conclusion, Trichoderma harzianum cellobiohydrolase I and its catalytic core domain were purified and characterized by mass spectrometry, SAXS, CD, and fluorescence techniques. Their enzymatic, activities against soluble (pNPC) and insoluble (Avicel ® ) substrates were determined, revealing the enzyme's potential for biotechnological applications. This work sets the stage for more detailed structural and functional investigations of this enzyme.
